Citr+ Lactococcus lactis subsp. lactis 3022 produced more biomass and converted most of the glucose substrate to diacetyl and acetoin when grown aerobically with hemin and Cu2". The activity of diacetyl synthase was greatly stimulated by the addition of hemin or Cu2+, and the activity of NAD-dependent diacetyl reductase was very high. Hemin did not affect the activities of NADH oxidase and lactate dehydrogenase. These results indicated that the pyruvate formed via glycolysis would be rapidly converted to diacetyl and that the diacetyl would then be converted to acetoin by the NAD-dependent diacetyl reductase to reoxidize NADH when the cells were grown aerobically with hemin or Cu2+. On the other hand, the YGIU value for the hemincontaining culture was lower than for the culture without hemin, because acetate production was repressed when an excess of glucose was present. However, in the presence of lipoic acid, an essential cofactor of the dihydrolipoamide acetyltransferase part of the pyruvate dehydrogenase complex, hemin or Cu2+ enhanced acetate production and then repressed diacetyl and acetoin production. The activity of diacetyl synthase was lowered by the addition of lipoic acid. These results indicate that hemin or Cu2+ stimulates acetyl coenzyme A (acetyl-CoA) formation from pyruvate and that lipoic acid inhibits the condensation of acetyl-CoA with hydroxyethylthiamine PP;. In addition, it appears that acetyl-CoA not used for diacetyl synthesis is converted to acetate.
It has been shown that diacetyl and acetoin in lactic acid bacteria are not produced from carbohydrate unless an additional source or pyruvate, such as citrate, is present (6, 10, 19) . This is because in homofermentative organisms, most of the pyruvate is converted to lactate by NADdependent lactate dehydrogenase to regenerate NAD. In addition, lactococci are generally considered to be facultative anaerobes, albeit with a preference for anaerobic conditions. However, we recently showed that citrate-positive (Citr+) Lactococcus lactis subsp. lactis 3022 (Streptococcus lactis subsp. diacetylactis 3022) cells grown aerobically could produce a considerable amount of diacetyl in MRS medium without citrate and that diacetyl production was further increased by the addition of Cu2+, which is an effective stimulator of diacetyl synthase activity (13, 15) . These results indicated that under aerobic conditions, diacetyl synthase could be effectively induced and then the cells could produce diacetyl from pyruvate formed via the glycolytic pathway.
Several workers (3) (4) (5) 29) also found that acetoin production was enhanced under aerobic conditions. However, it
has not yet been demonstrated whether most of the glucose is converted to diacetyl and acetoin. To enhance the production of these flavor compounds instead of lactate, further stimulation of the activity of diacetyl formation from pyruvate (diacetyl synthase) is required. In addition, an alternative system to reoxidize NADH formed via glycolysis is required, because lactate production from pyruvate is repressed. In this study we found that hemin, a chloride of heme, could greatly stimulate the activity of diacetyl synthase in Citr+ L. lactis subsp. lactis 3022 in the same manner as Cu2+ and that the activity of NAD-dependent diacetyl reductase in the cells was at a markedly high level. This * Corresponding author.
paper reports the effects of hemin or Cu2" on acetoin fermentation by Citr' L. lactis subsp. lactis 3022 cells.
MATERIALS AND METHODS
Microorganisms and growth conditions. All experiments were made with Citr+ L. lactis subsp. lactis 3022 isolated from cream cheese. MRS medium (9) without triammonium citrate and containing 0.003% silicon (by weight) as a foam breaker was used as the basal medium. In some experiments, 10 ,uM hemin, 0.1 mM CUC12, 73 U of catalase per ml, 0.05 mM antimycin A, and 1.0 mM lipoic acid were added to the basal medium. The cells were grown in a Sakaguchi flask on a reciprocal shaker at 120 strokes per min at 30°C. Molar growth yields (YGIU values) were determined by dividing the dry weights of cells by the number of moles of glucose utilized. Growth was measured by determining the optical density at 580 nm.
Bakers' yeast (Saccharomyces cerevisiae 8004) cells were also prepared for the assay of cytochromes by incubation in a basal medium at 30°C for 24 h and by three washes with distilled water.
Preparation of cell extract and enzyme assay. Preparation of cell extract and assays of the activities of NADH oxidase and diacetyl reductase (EC 1.1.1.5) were carried out as described previously (15) . The activity of diacetyl formation from pyruvate (diacetyl synthase) was assayed as follows. The reaction mixture contained 20 mM sodium pyruvate, 0.2 mM thiamine PP1, 0.2 mM MgCl2, 0.1 M phosphate buffer (pH 6.0), and 0.1 ml of cell extract in a total volume of 1.0 ml. After incubation at 30°C for 30 min, the amount of diacetyl produced in the reaction mixture was determined. One unit of diacetyl synthase activity was defined as the amount of enzyme which catalyzes the production of 1 (12) . A 1-g portion of the sample was transferred into a headspace vial (PerkinElmer), which was closed with a rubber septum and an aluminum cap. After equilibration at 80°C for 30 min, diacetyl and acetoin were analyzed under the following conditions. After the column temperature had been held at 70°C for 4 min, the temperature was programmed to increase at a rate of 30°C/min from 70 to 130°C. The nitrogen flow rate was 30 ml/min, and the temperature of the injection port and detector was set at 1500C.
RESULTS
Effects of hemin on growth, glucose utilization, and end product formation. There are great differences in growth, pH, glucose utilization, and end product formation by Citr+ L. lactis subsp. lactis 3022 aerobic cultures with and without hemin ( Fig. 1) . In a culture with hemin, 91.8% (89.2 mmol) of the glucose was consumed after a 24-h incubation. In a culture without hemin, however, the cells could utilize only 38.8% (37.6 mmol) of the glucose after a 48-h incubation. The growth rate and the production of diacetyl and acetion were also markedly affected by the addition of hemin. The cells in hemin-containing culture grew faster and produced more biomass than those in the culture without hemin (2.27 and 0.87 mg [dry weight] per ml, respectively, after a 15-h anaerobic incubation at 30°C), although the YG1U value of the former culture was lower than that of the latter (37.5 and 47.2 g [dry weight] per mol, respectively). (Fig. 1) . Furthermore, the production of diacetyl and acetoin in the culture with hemin after a 48-h incubation was about 10-fold higher than in the culture without hemin (Table 1) .
On the other hand, lactate production per mole of glucose was inhibited in the culture with hemin, and, interestingly, the consumption of accumulated lactate and the production of acetate were very rapid after the disappearance of glucose from the medium (Fig. 1) . In hemin-containing culture, acetate production was repressed when an excess of glucose was present. In addition, the increase in pH from 4.73 at 24 h of incubation to 5.31 at 48 h of incubation was accompanied by the consumption of lactate ( Fig. 1 ; Table 1 ). In this study, formate and ethanol were not detected in either culture.
Influence of additives on growth, glucose utilization, and end product formation. The influence of Cu2' and lipoic acid on glucose utilization and end product formation were studied when Citr+ L. lactis subsp. lactis 3022 cells were grown aerobically (Tables 1 and 2 ). Cu2+ stimulated growth, glucose utilization, and diacetyl and acetoin production when the cells were grown aerobically in the medium with silicon used as a foam breaker. Growth, glucose utilization, and diacetyl and acetoin production were further increased when both Cu2+ and hemin were added to the basal medium. In this case, 99.8 mmol of glucose was converted to 1.19 mmol of diacetyl and 105.4 mmol of acetoin after 48 h of incubation. In contrast, lactate production in the culture with both Cu2' and hemin was lower than that in the culture with just one these additions. Furthermore, acetate production at 48 h of incubation in the culture with both Cu2+ and hemin was also lower than in the cutlure supplemented with only hemin. However, when lipoic acid was added to the medium with hemin or Cu2+, acetate production was markedly enhanced and diacetyl and acetoin production was repressed (Table 2) . Lipoic acid also slightly repressed the glucose utilization and lactate production. On the other hand, 0.05 mM antimycin A did not reduce the stimulatory effect of hemin on growth, glucose utilization, and acetoin production. In addition, no increases in growth rate, glucose utilization, and end product formation (particularly diacetyl and acetoin) were observed after the addition of 73 U of catalase per ml (T. Kaneko Effect of hemin on the activities of several enzymes. To investigate the reasons for the enhancement of diacetyl and acetoin production in the culture with hemin, we compared the activities of NADH oxidase, diacetyl synthase, and diacetyl reductase for the cells grown aerobically in the medium with and without hemin ( Table 3 ). There was a great difference in diacetyl synthase activity under the two different conditions: diacetyl synthase activity in the cells grown with hemin was 4.7-fold higher than that in the cells grown without hemin. The diacetyl reductase activity in the former cells was slightly lower than that in the latter, although both the activities were high. No great difference in NADH oxidase activity was observed.
The influence of hemin on the activities of several enzymes was also studied by using a cell extract prepared from the cells grown aerobically in a basal medium. The activities of NADH oxidase, diacetyl reductase, and lactate dehydrogenase were not influenced by hemin. However, diacetyl synthase activity was increased 3.5-fold by the addition of 5 p.M hemin to the reaction mixture. In contrast, lipoic acid lowered the activity of diacetyl synthase, regardless of the presence of hemin or Cu2" (Table 4 ).
DISCUSSION
The ability to utilize 02 as an electron acceptor and to produce H202 is widespread among lactic acid bacteria (2, 7, 8, 20) . An inhibitory effect due to the formation of H202 has been indicated by decreases in growth rate and acid production under aerobic conditions (21) . Since catalase containing heme has been found in some lactic acid bacteria grown in medium with heated blood or hematin (11, 30, 31) , one possible explanation for the enhancement of growth in hemin-containing culture is that there is a system to detoxify H202. Formation of H202 in lactic acid bacteria occurs through the action of a flavoprotein, NADH oxidase (7, 8, 18, 27) . Citr+ L. lactis subsp. lactis 3022 also possessed NADH oxidase, although there was no marked difference in the activity between the cells grown with and without hemin ( Table 3 ). The cells produced H202 when incubated under aerobic conditions. In this case, H202 production was repressed by the addition of hemin to the cell suspension, since hemin can decompose H202 (16) . However, catalase activity was not detected in the cells grown aerobically with hemin. The increases in growth, glucose utilization, and acetoin production were not observed by the addition of catalase into the medium. These results indicate that the elimination of H202 formed in the culture is not the main reason for the enhancement of growth, although the decomposition of H202 by hemin may be available for the cells. Another possible explanation for the enhancement of growth is that there is a system for ATP formation from oxidative phosphorylation, because cytochrome induction occurs exclusively under aerobic conditions and is dependent upon the environment for exogenous heme (4, 22, 23, Table 1 , footnote a), except that the medium contained 1.0 mM lipoic acid, 10 FLM hemin, 0.1 mM CuC12, and 10 p.M hemin plus 1 formed via glycolysis, since the lactate production per mole of glucose was markedly repressed. Acetoin formation from diacetyl by diacetyl reductase is coupled to the oxidation of NADH to NAD. In this study, the diacetyl reductase activity of Citr+ L. lactis subsp. lactis 3022 was markedly high. Furthermore, the activity of diacetyl synthase was greatly stimulated by the addition of hemin or Cu2+ to the medium or reaction mixture (Tables 3   and 4 ). These results indicate that the pyruvate formed via glycolysis would be rapidly converted to diacetyl in aerated culture with hemin or Cu2+ and that the diacetyl would then be converted to acetoin by the NAD-dependent diacetyl reductase. In fact, most of the glucose was converted to diacetyl and acetoin more rapidly in the culture with both hemin and Cu2+ than in the cutlure without these additives ( Fig. 1; Table 1 ).
However, growth, glucose utilization, and acetoin production were apparently lower in the culture with both KCN and hemin than in the culture supplemented with only hemin, because KCN reduced the stimulatory effect of hemin on diacetyl synthase activity (T. Kaneko, unpublished results). KCN is known to combine strongly with heme compounds (26) . Therefore, the amount of diacetyl needed for the synthesis of acetoin is likely to be lowered by the addition of KCN, and the pathway of acetoin production from diacetyl would be essential to reoxidize NADH formed via glycolysis when Citr+ L. lactis subsp. lactis 3022 cells were grown aerobically with hemin or Cu2+.
Diacetyl is normally formed enzymatically by condensation of hydroxyethylthiamine PP1 with acetyl coenzyme A (28) . We defined the activity of diacetyl formation from pyruvate (diacetyl synthase) as the amount of enzyme which catalyzes the production of 1 p.mol of diacetyl from pyruvate (Fig. 1) . However, in the presence of lipoic acid, an essential cofactor of the dihydrolipoamide acetyltransferase part of the pyruvate dehydrogenase complex, hemin or Cu2+ enhanced acetate production and then repressed diacetyl and acetoin production ( When the cells were grown aerobically with hemin, the amount of acetyl-CoA available for acetate synthesis would not be sufficient in the presence of glucose, because most of acetyl-CoA is utilized for diacetyl and acetoin production to regenerate NAD. The reduction of acetate production would be the reason why the YGIu value in hemin-containing culture was lower than in the culture without hemin. However, after the disappearance of glucose from the medium, the cells utilized the lactate accumulated in the culture and produced acetate concomitantly when grown in the presence of hemin (Fig. 1) . Presumably, since NADH formation is low in the absence of glucose, the regeneration of NAD coupled with the conversion of diacetyl to acetoin is not so strongly required.
